Abstract Hyperbaric Oxygen (HBO, HBO 2 ) Therapy is a non-invasive therapy. It has been applied as adjuvant treatment in many medical conditions over the past 50 years. Different treatment protocols have been proven effective for specifically indicated conditions. To evaluate the clinical effectiveness of Hyperbaric Oxygen (HBO) Therapy as an adjunctive treatment for patients with complex wounds. In this prospective cohort study, 40 patients with complex wounds were included. All patients received HBO. HBO was delivered with 100% oxygen for 90 min at 2.0-2.4 ATA. Wound sizes were assessed by one wound surgeon before, during, and every 2 weeks for a total of 12 months after HBO. An analysis of demographic data, wound size and wound photography was performed. Over the 22-month period ending October 31, 2013, 40 patients (21 men and 19 women) with a mean age of 59.73 (range, 29-88) with complex wounds were included. All complex wounds studied were at least 6 months old. The mean wound size was 16.72 cm 2 in diameter. Thirty-one patients with complex wounds healed after the completion of a series of HBO treatments (77.5%). Two orocutaneous fistulas were completely closed without further surgery. After 5 HBO treatments, the wound size reduced by 29.7% on average (p 5 1.24 ! 10 26 ). After 10 HBO treatments, the wound size statistically significantly reduced by an additional 16.9% (p 5 0.0002). There were no complications in this study. Wound healing process was accelerated by HBO. Significant wound size reduction was noted after 5 HBO treatments. Because the biggest reduction in wound size occurred within the first 10 HBO treatments, it is important to conduct these first treatments without interruption. HBO is an effective and safe treatment modality for complex wounds.
Introduction
Hyperbaric Oxygen (HBO, HBO 2 ) Therapy is a clinical treatment where patients breathe 100% oxygen in an enclosed hyperbaric oxygen chamber at a pressure greater than one atmosphere. Current information indicates that pressurization should be to 1.4 ATA or higher. 1 HBO has been proven effective for many medical conditions. The Undersea and Hyperbaric Medicine Society (UHMS) has approved 14 medical indications. 1 In addition, there are other conditions that may benefit from HBO. The therapeutic efficacy of HBO can be mainly explained by the simple physical relationships determining gas concentration, volume, and pressure. Breathing 100% oxygen at atmospheric pressures of up to 3 atm raises the arterial partial pressure of oxygen in the blood (PaO 2 ) to more than 2000 mm Hg. This elevation leads to increased oxygen levels in the blood and tissue, control of infection, stimulated angiogenesis, increased collagen deposition, and reduced edema and inflammation. [2] [3] [4] [5] [6] [7] HBO has been promoted as an adjunctive treatment for complex wounds. Siriraj Hospital, Thailand currently uses HBO treatment for many indications, including complex wounds. 8, 9 Treatment of complex wounds represents a significant financial burden on the health care system. The purpose of this study is to evaluate the clinical effectiveness of the Hyperbaric Oxygen Therapy conducted at Siriraj HBO/wound care center as an adjunctive treatment for the patients with complex wounds. In practice the term of complex wounds tend to refer wounds with one or more complicating factors. The type of wounds considered complex are diabetic foot ulcers, leg ulcers, irradiated wounds, wound fistulas, ischemic wounds, refractory chronic wounds and wounds that have failed to heal within six months.
Research Design and Methods

Patient Population
Forty patients with complex wounds who were treated at Siriraj HBO/wound care center were eligible for enrollment between January 2012 and October 2013. Staff at Siriraj HBO/wound care center did the medical and nursing follow-up. Definition of complex wound is the term used more recently to group those well-known difficult wounds, either chronic or acute, that challenge medical and nursing teams. These complex wounds were defined as non-healing wounds in patients with either vascular problem, diabetes, irradiated wounds, osteoradionecrosis (ORN) and orocutaneous fistula. All complex wounds had not healed more than 6 months. All patients received standard wound care. The patients were collected prospectively to determine the effectiveness of HBO treatment. Exclusion criteria included patients who did not consent to HBO treatment, or patients with incomplete study data.
The study was approved by the Ethic Committee of Faculty of Medicine Siriraj Hospital, Mahidol University, Thailand.
Wound Diagnosis and Evaluation
To prevent treatment complications, an evaluation of patient health history and physical examination including a chest x-ray was performed before beginning hyperbaric treatments. Wound assessment using the ruler technique 10 was taken and photographic records were created before the first session started and done after every 5 sessions of HBO treatments. In addition to the type of complex wound, information recorded included demographic data, wound size and days to heal. Each clinical assessment was evaluated by an experienced wound surgeon on each patient visit to the Siriraj HBO/wound care center. Protocol of HBO for each patient was recorded. Healing progression was assessed in term of time to healing. The percentage reduction in wound surface area after 5 sessions of HBO was used as an indicator of how the wound is responding to the treatment. The patients were seen every 2 weeks after the last HBO treatment for a total of 2 months, then every 2 months for 1 year.
HBO Treatment Protocols 1
In the treatment of patients with diabetic wounds and peripheral arterial disease (PAD) received 90 min of 100% oxygen at a pressure equal to being beneath 33 feet of seawater (2.0 ATA) (Fig. 1 ). In the treatment of patients with irradiated wound, ORN and orocutaneous fistula, patients received 90 min of oxygen at a pressure of 2.4 ATA (45 feet of seawater). The oxygen was given in intervals of 30 min, with 10 min air breaks in between (Fig. 2) . All patients were treated from Monday through Friday in the Sechrist Monoplace Hyperbaric Chambers model 2800.
Statistical Analysis
Wound size data was measured every 5 days. To compare the difference in wound size changes, the wound size in each patient was normalized to 100 percent using the wound size on day 1 (D1). Wound healing in 40 patients was recorded for at least 8 weeks after treatments or until the wound healed completely. Simple logistic regression was used to test for association of healing and covariates including age, sex, diabetes mellitus (DM), history of radiation therapy (RT), peripheral arterial disease (PAD). Statistically significant associations were considered for p-values ,0.05.
To compare the effects of HBO treatment, the percent reduction in wound size measured every 5 days were compared with the previous measurement using paired T-test. Statistically significant reduction in wound size was considered for p-value ,0.05. Statistical analyses were done in R version 3.0.2 11 and SPSS version 22.0.
Results
Forty patients, 21 male and 19 female, with complex wounds were included after informed consent and institutional ethics approval. They all received HBO treatment. Total treatments were 1087 sessions. The mean wound size was 16.72 cm 2 . Demographic data of the patients were illustrated in Table 1 .
HBO enhanced the wound healing process. All patients showed clinical continuous improvement under HBO. Thirty-one patients (77.5%) healed completely after HBO treatment. Two patients who were suffering from orocutaneous fistulas in the irradiated mandible were cured without further surgery. Nine complex wounds healed completely after staged surgery. Two cases of these were peripheral vascular disease (PAD) with diabetes mellitus (DM), seven cases were head and neck cancer with history of radiation therapy (RT).
We evaluated the factors that could affect wound healing -age, sex, diabetes mellitus, radiation therapy, peripheral arterial disease. Patients with history of radiation therapy were associated with 5 folds higher risk of having delayed wound healing (95% CI from 1.16 to 28.55, p 5 0.032). Other covariates were not statistically significantly associated with complete wound healing.
After 5 HBO treatments, the wound size reduced by 29.7% on average (p 5 1.24 ! 10 26 ) from the initial wound size. After 10 HBO treatments, the wound size continued to statistically significantly reduce by an additional 16.9% (p 5 0.0002) ( Table 2 ). The reduction in wound size slowed down after 10 treatments to an additional 8.6% (p 5 0.141). However, statistically significant wound size reduction effects could still be seen up to 20 treatments, which showed a wound size reduction by an additional 12.3% (p 5 0.022). Treatment outcomes are shown in Fig. 3 . All patients were followed up in the Siriraj HBO/wound care center at two weeks following the last HBO session until 2 months, then every 2 months for 1 year. There were no life-threatening complications.
Discussion
Hyperbaric oxygen (HBO, HBO 2 ) is a primary and adjunctive therapy for medical conditions. In the early 1960s, HBO was widely used in a variety of medical indications. 1 Numerous studies have revealed the efficacy of HBO. It also has been shown to be an effective method for treating complex wounds. Complex wounds are challenging to manage, with many associated problems. The main problems include having to deal with underlying diseases such as diabetes, vascular problems, history of radiation therapy, low oxygen and wound infection. In a previous study, Pecoraro et al 12 discovered that periwound measurement of transcutaneous oxygen tension (TcPO 2 ) was significantly associated with the initial rate of tissue repair. They found that patients with low periwound TcPO 2 (,20 mm Hg) was associated with a 39 folds 13 concluded that baseline air TcPO 2 identified degree of tissue hypoxia and related to wound failure rate. Lack of oxygen can lead to chronic wounds. HBO increases oxygenation of tissues and supports wound healing. Clinical outcome seems to improve after HBO treatments, even though traditional wound treatments had been unsuccessful.
Osteoradionecrosis (ORN) is one type of complex wound. It is a complication of the use of radiation therapy. Clinical manifestations of ORN may include orocutaneous fistula, which is difficult to treat and requires staged surgery. David et al 14 concluded that using HBO as an adjunctive treatment of ORN was beneficial. The study also showed that HBO was an effective adjunctive method for treating this problem. Two patients with orocutaneous fistula closed completely under HBO. Our patients benefited from this treatment because no further surgery was needed.
Specific HBO treatment protocols depend on the patient's specific medical condition. In this study, the authors came to two important conclusions. First, significant wound size reduction was noted after 5 HBO treatments. Secondly, in addition to finishing the prescribed number of sessions, uninterrupted completion of the first 10 HBO treatments is very important.
Unfortunately, this study lacks a control group for comparison with patients with complex wounds that did not receive HBO treatments. Wound measurements can monitor changes in wound size, help predict wound healing and evaluate the effectiveness of the treatment. However, the literature states that ruler-based methods provide a crude wound measurement that potentially overestimates wound area by twenty five percent. 10 HBO has been promoted as an adjunctive treatment for complex wounds. Data is used to indicate the effectiveness of hyperbaric oxygen to reduce amputation rate and promote wound healing. [15] [16] [17] [18] [19] [20] [21] [22] In addition to HBO, proper wound care is essential. 23 HBO is safe and well tolerated. There are few side effects, and most are mild and reversible. Severe consequences can occur in rare cases.
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Conclusion
Hyperbaric oxygen therapy has a role in modern medical practice. In most cases, it is safe and severe side effects are rare. There are many indications for HBO treatment. The results suggest that HBO has been shown to be an effective method for treating complex wounds. It significantly improved wound healing. However, HBO does not replace quality wound care. HBO should be used in addition to, but not as a replacement of aggressive wound treatment. 
